This research paper discusses and evaluates the feasibility of using Inertial Navigation System (INS) in mine tracking, which is necessary for both surface and underground mining operations. INS provides position, velocity and attitude through direct measurements from inertial sensors (Accelerometers and Gyroscopes). INS suffers from time-dependent error growth which causes a drift in the object track, thus compromising the long-term accuracy of the system. In order to validate the INS algorithm, a toolbox developed under MATLAB environment was used to generate a reference and INS trajectories. Deep investigation and analysis of the affected error sources of INS has been conducted. The attained results indicated that the accuracy of INS depends upon the error sources, so it is important to integrate INS with other sensor output (as GPS) to minimize the effect of sensor drifts.
Introduction
Inertial navigation is a process whereby the measurements provided from the inertial sensors (Gyroscopes and Accelerometers) to obtain the position of a moving object in which they are installed. So, Inertial Navigation System (INS) is a self-contained navigation system within the vehicle that is undependable on the transmission of signals from the vehicle or reception from external sources. Inertial Navigation System (INS) typically contains three orthogonal gyroscopes for measuring angular velocity and three orthogonal accelerometers for measuring linear acceleration [1] , [2] .
Inertial navigation is used in a wide range of applications including the navigation of aircraft, tactical and strategic missiles, spacecraft, submarines and ships. Recent advances in the construction of Micro-Electro Mechanical Systems (MEMS) devices have made it possible to manufacture small and light inertial navigation systems. These advances have widened the range of possible applications to include areas such as human and animal motion tracking [3] , [1] .
Mechanization Equations
Inertial Navigation System (INS) consists of three accelerometers and three gyroscopes mounted on an orthogonal triad. The accelerometers measure the specific force defined in the inertial frame as mentioned in equation (1) [2], [4] :
Where f is the specific force, a is the acceleration and g is the gravitational acceleration.
The velocity of the moving object can be obtained by first integration and the result added to the initial velocity. The position of the moving object is obtained by integrating the equation twice then adds the result to the initial position [2] .
The mechanization equations are a set of equations used to obtain useful navigation information from the INS outputs (specific force and angular rate). In this paper, mechanization will be implemented in Easting, Northing and Upper directions (ENU) frame as a navigation frame.
Equation (2) shows the mathematical model for the equations of motion of an object [3] , [5] , [6] :
The first part of equation (2) represents the relationship between the geographic coordinates and the velocity components in the ENU frame as shown in equation (3) [6] , [7] .
The second part of same equation represents the time derivative of the velocity where Ω ie n and Ω en n the orientation parameters that are derived as the skew symmetric matrices of the vectors in equations (4) and (5). f b is the specific force vector measured by the accelerometer in the body frame (b-frame) [4] , [7] . is the skew symmetric matrix of the vectors in equation (7) and ω ib b is a vector of angular rates measured by the gyros [4] , [8] .
(7)
INERTIAL INERTIAL SENSOR ERRORS
Measurement from both accelerometers and gyroscopes are subject to errors which limit the accuracy with measured observations. Sensor errors are represented as bias, scale factor, noise, repeatability and stability. These errors have to be determined with good understanding of their effects to be able to evaluate the performance of inertial sensors [7] , [9] . Figure (1) shows a schematic diagram that summarizes the mechanization equations starting from inertial sensor measurements and end up with object position, velocity and attitudes at any time [3] .
Scale factor is the ratio between the output signal of the sensor and the physical quantity being measured which is expressed in [ppm] (parts per million) for both accelerometers and gyroscopes. Both bias and scale factor can be determined by calibration. Noise exists as additional signals that can be resulted from the sensor itself or other electronic equipment that interferes with the measured output signals. Noise is in general non-systematic and therefore cannot be removed from the data using deterministic models but it can only be modeled by stochastic means [5] .
Accelerometer and Gyroscope measurement models are represented in equations (8 and 9) [4]
Where: I f is the accelerometer measurement (m/sec 2 ). f is the true specific force (Observable) (m/sec 2 ). b f the accelerometer instrument bias (m/sec 2 ). S 1 a matrix of the linear scale factor error. S 2 a matrix of the non-linear scale factor error. N a matrix representing axes non-orthogonality. δg the anomalous gravity vector (deviation from the theoretical gravity value) (m/sec 2 ). ε(f) is a vector representing the gyro sensor noise (m/sec 2 ).
Where I ω the gyroscope measurement (deg/hr) ω the true angular velocity ( The theoretically desired measurement) (deg/hr). b ω the gyroscope bias (deg/hr). S a matrix representing the gyroscope scale factor. N is a matrix representing non-orthogonality of the gyros triad. ε(ω) is a vector representing the gyro sensor noise (deg/hr).
SIMULATION RESULTS
In order to evaluate the accuracy of INS in mine mapping, LN-200 IMU was chosen as a used INS system which has the specifications illustrated in table 1. Reference trajectory was generated using a GPSoft toolbox under MATLAB environment. The reference trajectory will be tested under effects of sensor errors. Accelerometer bias, gyro drift, sensors scale factor and gyro noise were taken as case study and their effects on the derived INS trajectory will be derived. 
Accelerometer bias effect
In order to study the effect of the accelerometer bias on the computed trajectory, 300μg.accelerometer bias is used. Figure (2) shows the reference and the derived INS trajectories after adding accelerometer bias. Accelerometer bias causes improper measurement of the accelerometers which in turn, results in improper computation in velocity and position as shown in figure (3).
Gyroscope drift effect
As in accelerometer bias effect, gyro drift has been selected as 0.5o/hr. Figure ( 
Accelerometer scale factor error effect
Accelerometer scale factor is selected as 100 ppm. There is a small impact of scale factor error on the derived INS trajectory. Scale factor error of 100 ppm results in RMSE in horizontal position of 1.49 m and in vertical position of 11 cm.
Gyro scale factor error effect
As in accelerometer scale factor effect, gyro scale factor is chosen as 100 ppm to illustrate its impact of the INS trajectory. The RMSE in horizontal position is less than 85 cm
Gyro white noise effect
Gyro noise (Random walk) of used INS is 0.05o/√hr. The effect of this error on the performance of the navigation system is illustrated as RMSE in horizontal position which is less than 18 m while in vertical position is about 8 cm.
The effect of the all errors
Finally, the performance INS is tested under the effects of all errors together. 
Conclusions
INS is used to get rich and dense information for moving object, position, velocity and attitude. Sensor error sources play a great role in INS efficiency in case of individual effect or accumulated due to effects of all sensor error at the same time. RMSE due to all errors together in horizontal position equal 67.3 m and in vertical position 26.8 m. So, other positioning sensor has to be used with INS to reduce the sensor errors effects and to improve its outputs. GPS is the most positioning sensor.
suitable to be integrated with INS to minimize error sensor effects because its derived position is not contaminated with error sources like INS and it is more accurate. GPS is suitable for INS/GPS integration in open area mining processes but it is not suitable for underground use since there is no GPS signal. In underground fields, odometer or fixed ground control points (GCPs) are suitable for integration process to minimize sensor errors effects in order to be used in mine mapping.
